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Abstract: The intra-oceanic Kohistan island arc was initiated during the Cretaceous as a result of northward
movement of the Indian Plate. The conventional assertion that the arc was erected above a north-dipping
subduction zone has been challenged by an alternative hypothesis, which suggests that the arc was built above
a south-dipping subduction zone. This hypothesis is based partly on the apparent presence of a ‘Dupal’
signature in mafic rocks of the arc, and partly on the occurrence of boninites exposed in the northern part of
the arc. The ‘Dupal’ signature, with enhanced levels of radiogenic lead, is found only in rocks extracted from
the mantle in equatorial regions. However, new radiogenic isotope data, presented here, suggest that the
isotopic signature of the mafic volcanic rocks of the juvenile arc, rather than being ‘Dupal’-type, is a function
of fluids derived from subduction and dehydration of sea-floor sediments. Boninitic volcanic rocks in the
Kohistan arc form a volumetrically minor part of a compositionally diverse sequence in the northern part of
the arc. Boninites and high-Mg andesites are found mostly, but not exclusively, in the fore-arc region, and
evidence is accumulating that these may also be erupted into back-arc regions. Sedimentological and
geochemical data suggest the Kohistan boninites to have been erupted into a short-lived back-arc basin. Both
the eruption of boninites into the back-arc and the lack of a ‘Dupal’ signature would be consistent with
northward subduction beneath Kohistan, although the latitude at which the arc was initiated remains
unresolved.
Keywords: Himalaya, Pakistan, isotopes, island arc.
Although an apparently simple example of continent–continent
convergence, the India–Asia collision in fact represents the final
stage of a process that involved collision and accretion of
numerous crustal fragments to the southern margin of continental
Asia as the Neo-Tethyan ocean contracted. The Kohistan arc was
the last exotic fragment to be accreted to Asia before collision
with continental India. To understand both the outward growth of
continental Asia during the Mesozoic and the evolution of Neo-
Tethys over the same period, some of it before India began its
northward flight, it is necessary to resolve the history and
subduction polarity of those fragments that accreted to the Asian
margin. For some fragments this history is likely to be intract-
able. Many were accreted to the southern margin of Asia during
the Cimmerian orogeny (S¸engo¨r 1984), and remnants of a
Jurassic–Cretaceous intra-oceanic island arc, the Zedong terrane,
have been identified in Tibet (Aitchison et al. 2000; McDermid
et al. 2002). However, for Kohistan, which is the last accreted
fragment, it should be resolvable.
The Kohistan island arc was initiated offshore of Asia during
the Cretaceous as a result of subduction of Neo-Tethyan oceanic
crust during the northward movement of the Indian Plate.
Originally developed as an intra-oceanic arc, the arc was sutured
to Asia at between 104  12 Ma (Petterson & Windley 1985)
and 85 Ma (Treloar et al. 1996) although it remains uncertain
how wide was the expanse of oceanic crust that separated the
juvenile arc from the southern margin of continental Asia. The
conventional assumption has been that the intra-oceanic arc was
developed above a north-dipping subduction zone (see Coward et
al. 1987; Khan et al. 1993; Treloar et al. 1996; Burg et al. 1998;
Fig. 1a), with a back-arc basin located on its northern margin.
On the basis of isotopic and geochemical data Khan et al.
(1997) challenged this view and suggested that the juvenile arc
was developed on the northern edge of the oceanic part of the
Indian Plate above a south-dipping subduction zone (Fig. 1b). In
this model, the subduction zone subsequently migrated northward
toward Asia in front of the Indian Plate. South-dipping subduc-
tion beneath the oceanic rock of the leading edge of the Indian
Plate would have continued until Kohistan sutured to Asia, after
which a new, north-dipping, subduction zone located on the
south side of the arc would have been initiated, remaining active
until early Tertiary collision between continental India and the
arc. The conventional assertion has subsequently been restated
by Rolland et al. (2000) and Robertson & Collins (2002). The
former interpreted geochemical signatures of analogous mafic
rocks on the northern margin of the eastern extension of the arc
in Ladakh as being characteristic of back-arc basins (Rolland et
al. 2000). The latter interpreted sedimentary evidence from that
region as the preserved remnants of a rifted oceanic back-arc
basin that contains components of rocks derived from the Asian
continental margin (Robertson & Collins 2002).
Resolution of the polarity of subduction has important im-
plications for reconstructions of the Neo-Tethyan plate frame-
work during early stages of India–Asia convergence. In this
paper, new isotope data are presented that augment the existing
dataset across the arc. We seek to demonstrate that these data do
not demand south-directed subduction but indicate, in combina-
tion with other geochemical and sedimentary evidence, that the
arc was built above a north-dipping subduction zone.
Geological background
The Kohistan arc, located in north Pakistan, is bounded to the
north by the Shyok Suture, and to the south by the Main Mantle
Thrust along which it was thrust southward onto continental
India (Fig. 2). The juvenile, intra-oceanic, part of the arc is
composed of three main sequences of volcanic and associated
volcaniclastic rocks. These three sequences are intruded by
gabbroic and dioritic plutons, some of which are likely to be co-
magmatic with them, as well as by granodiorite plutons of the
Kohistan Batholith that largely post-date suturing with Asia and
that span an age range from 90 to c. 25 Ma (Petterson & Windley
1985, 1991; George et al. 1993). In addition, two of the intra-
oceanic volcanic sequences are intruded by the gabbronorite
Chilas Complex dated at 85 Ma (Zeitler et al. 1981), interpreted
as having been emplaced after suturing to Asia.
The structurally lowest of the three volcanic sequences are the
Kamila Amphibolites, which crop out in the southern part of the
arc (Fig. 2). Locally pillowed, these amphibolite-facies metavol-
canic basalts and andesites were divided into two on geochemical
criteria by Khan et al. (1993). The ‘E’-type suite has a mid-
ocean ridge basalt (MORB)-like chemistry and is interpreted as
the oceanic crust on which the juvenile intra-oceanic arc was
constructed (Khan et al. 1993; Treloar et al. 1996). By contrast,
the ‘D’-type suite has a typical arc-related geochemical signature
(Fig. 3) and forms part of the volcanic sequence of the juvenile
arc. The Jaglot Group immediately overlies the Kamila Amphi-
bolites, although, in the east, the contact is masked by the
intrusive Chilas Complex (Fig. 2). Rocks of the Jaglot Group
contain both pillowed and massive basalts and andesites, with the
volcanic rocks alternating with metasedimentary and metavolca-
niclastic sequences. As with the ‘D’-type Kamila Amphibolites,
the Jaglot Group rocks have an arc-related geochemical signature
(Fig. 3). The Jaglot Group is flanked to the north by the Chalt
Volcanic Group, which can be divided into two formations
(Petterson & Windley 1991). In line with work in preparation,
the terms Hunza Formation and Ghizar Formation are used here.
Formal definitions of these will appear elsewhere. Of these, the
Hunza Formation crops out to the east of the Ghizar Formation
(Fig. 2). Both formations are strongly cleaved amphibolite-facies
rocks that predate suturing of the arc to Asia. The volcanic rocks
of the Hunza Formation consist of high-Mg basalts, basaltic
andesites and andesites, some of which have chemical character-
istics close to those of boninites, low-Mg basalts and andesites,
and minor rhyolites. The Hunza Formation differs chemically
from the Ghizar Formation (Petterson & Windley 1991; Bignold
2001). The former is depleted in the light rare earth elements
(LREE) with strongly depleted (Ce/Yb)N values of ,1.0 (Fig. 3).
By contrast, the rocks of the latter formation have a normal arc-
like chemistry with enhanced (Ce/Yb)N values.
Isotope chemistry
Nine samples were analysed for this study, one from the Kamila
Amphibolites, four from the Jaglot Group and four from the
Chalt Volcanic Group. Analytical data are listed in Table 1. In
addition, some samples previously analysed by Khan et al.
(1997) were reanalysed to ensure comparability. All these data
can be compared with those of Rolland et al. (2002) from the
Ladakh sector of the arc.
The newly analysed sample from the Kamila Amphibolite
comes from the ‘D’-type suite of Khan et al. (1993), and was
collected from the Upper Swat valley. It is a basalt with 48%
SiO2, but with a TiO2 content of 1.36%, higher than those
reported by Khan et al. (1997) as typical of the ‘D’-type suite. It
has very low K/Rb (122) and low Sr/Nd (28) ratios and a slight
enrichment in the LREE with (Ce=Yb)N ¼ 1:3 (Fig. 3). The 87Sr/
86Sr and 206Pb/204Pb ratios are in the range of those reported by
Khan et al. (1997), although the Nd ratio is lower and the 207Pb/
204Pb and 208Pb/204Pb ratios are higher (Table 1). These differ-
Fig. 1. Two models (not to scale) for the initiation and evolution of the Kohistan island arc. (a) North-dipping subduction beneath Kohistan between 120
and 100 Ma (after Burg et al. 1998); (b) south-dipping subduction at equatorial latitudes c. 100 Ma (after Khan et al. 1997). Khan’s model proposes that,
following suturing with Asia, a new north-dipping subduction zone formed on the south side of the newly accreted Kohistan arc.
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ences might be accounted for by the considerable spatial
difference between the collecting areas.
The Jaglot Group samples were collected from a section
through the Gashu Confluence Volcanic Fm to the north of
Thelichi in the Indus valley and include two basaltic samples and
two andesitic samples with a range in SiO2 content of 48–62%.
TiO2 content is 0.14–1.51%. MgO content in the three more
basic samples is .7 wt%. There is a slight enrichment in the
REE with (Ce/Yb)N of 1.9 in the basalts and 2.32 in the andesite
sample TL6.
The four samples from the Hunza Formation include two
basalts and two basaltic andesites, with a range in SiO2 content
of 48–53 wt%. They all have .13% MgO. Sample N158 was
identified by Petterson et al. (1990) as a boninitic andesite. This
sample does not have the high Ni, Cr and CaO contents required
for classification as a ‘high-Ca boninite’ after Crawford et al.
(1989), and it would be better described as a high-Mg andesite.
All the samples are strongly depleted in the LREE with
(Ce=Yb)N ¼ 0:3.
The isotopic data described here are plotted, together with those
from Khan et al. (1997) and Rolland et al. (2002), on graphs of
143Nd/144Nd v. 87Sr/86Sr (Fig. 4), 208Pb/204Pb v. 206Pb/204Pb (Fig.
5), and 207Pb/204Pb v. 206Pb/204Pb (Fig. 6). The position of the
‘Dupal’ field is also shown, as are those of the present-day Indian
Ocean MORB (IOM), Atlantic Ocean MORB (AOM), Pacific
Ocean MORB (POM) and Indian Ocean pelagic sediments (IOS).
IOM is treated here as a proxy for Neo-Tethyan MORB, and IOS
as a proxy for the sediments subducted along with it.
Three groups of rocks can be identified on the basis of their
isotopic characteristics. The ‘E’-type Kamila Amphibolites form
one group, tightly clustered in Figures 4 and 5. The mafic rocks
of the Hunza Formation define a second group, always tightly
clustered. Rocks from the ‘D’-type suite of the Kamila Amphi-
bolites, the Jaglot Group and the Chilas Complex define a third
group, which forms a linear array on all three plots.
The ‘E’-type Kamila Amphibolites, which have general N-
MORB chemical characteristics, plot within, or very close to, the
IOM and POM fields on all the plots. This is consistent with the
interpretation of Khan et al. (1993, 1997) and Treloar et al.
(1996) that they represent the oceanic crust on which the arc was
constructed.
The Hunza Formation rocks plot within the IOM field on both
of the Pb–Pb plots (Figs 5 and 6). On the Sr–Nd plot (Fig. 4)
they have IOM-like Nd levels but are enriched in 87Sr/86Sr with
respect to IOM. This might be a function of Rb mobility during
metamorphism relative to the more immobile Sm and Nd. The
Hunza Formation rocks carry a subduction-related geochemical
signature and are clearly arc related (Petterson & Windley 1991).
Discussion
The ‘D’-type Kamila Amphibolites and most of the samples
from the Jaglot Group metavolcanic rocks plot within a linear
array of arc volcanic rocks. On the 207Pb/204Pb v. 206Pb/204Pb
plot (Fig. 5) the array clearly lies on the mixing curve from IOM
toward the IOS with a contribution of up to 20% from the
Fig. 2. Geological sketch map of Kohistan (after a revision by Treloar et al. 1996). MMT, Main Mantle Thrust.
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sediments. On a plot of 208Pb/204Pb v. 206Pb/204Pb (Fig. 6) the
IOS and Dupal fields lie close together. On this plot it is
statistically impossible to assert that the array lies along a mixing
curve from IOM to ‘Dupal’ or from IOM to IOS. Thus no clear
mixing trend can be demonstrated. However, this plot is
consistent with Figure 5, in that it permits an interpretation that
the isotopic signature of the volcanic rocks is a result of mixing
of the MORB-like IOM signature and the sedimentary IOS
signature. The extent of this mixing is shown on the plot of
143Nd/144Nd v. 87Sr/86Sr (Fig. 4). All of the samples fall along a
mixing curve that links the IOM and IOS sources, with a
contribution of up to 20% from the sediments. Most of the
samples plot in the mantle (upper left) quadrant of this plot and
suggest that the sedimentary component, although important, is a
relatively minor one. However, one of the andesitic samples
(TL6) from the Jaglot Group plots close to the mixing curve but
in the continental crust (lower right) quadrant, consistent with an
enhanced contribution (c. 40%) from a sedimentary source.
Khan et al. (1997) also presented isotopic data from the Chilas
Complex. Dated at c. 85 Ma (Zeitler et al. 1981; Treloar et al.
1996; Zeilinger et al. 2001), the Chilas Complex post-dates
collision of Kohistan with Asia and represents a second episode
of extension in an Andean-type margin (Treloar et al. 1996)
above the subducting Indian Plate. The Chilas Complex samples
plot together with the arc volcanic rocks on all three isotope
plots. It is therefore likely that the radiogenic Pb content in these
rocks is also the result of a contribution from a subducted
sedimentary component.
All the rocks with clear arc geochemical signatures (the ‘D’-
type Kamila Amphibolites, the Jaglot Group volcanic rocks and
the gabbro–norites of the Chilas Complex; Fig. 3) have similar
isotopic signatures consistent with a 10–20% contribution from
an Indian Ocean MORB-like source by Indian Ocean-like pelagic
sediments (Figs 4 and 5). By contrast, the MORB-like basalts of
the ‘E’-type Kamila Amphibolites and the high-Mg volcanic
rocks of the Hunza Formation show a contribution of ,10%
from subducted sediments in their isotopic signatures. In the case
of the former the low sedimentary input would be expected if
they are ocean-floor basalts as suggested by Khan et al. (1993)
and Treloar et al. (1996). By contrast, the Hunza Formation
sequence has long been interpreted, albeit until recently with
little supporting sedimentological or geochemical data, as repre-
sentative of a back-arc sequence. The lack of a sedimentary
contribution in these rocks is explicable if they are interpreted as
having been erupted at a back-arc spreading centre. In this case
they would represent a MORB-type source sufficiently distant
from the subduction zone not to carry the signature of the
sedimentary contribution characteristic of the rest of the supra-
subduction zone sequence.
The isotope data described above suggest that the volcanic
rocks of the Kohistan island arc carry a small, but significant,
contribution from Indian Ocean sediments subducted, dewatered
and metamorphosed beneath the arc. The southward subduction
model of Khan et al. (1997) is heavily dependent on two factors:
the fact of the ‘Dupal’ anomaly, and the presence of boninites in
the Hunza Formation.
Dupal signature or contribution from oceanic sediments?
Hart (1984) defined the ‘Dupal’ anomaly as enriched mantle on
the basis of isotopic compositions of basalts from oceanic
islands, aseismic ridges and seamount chains in the South
Atlantic and southern Indian oceans. The ‘Dupal’ signature is
linked to melting of subducted slabs in the deep mantle from
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Fig. 3. (a) Mean multi-element patterns and (b) mean REE patterns for selected igneous rocks of the Kohistan island arc (data from Table 1). The pattern
for the Ghizar Formation, part of the Chalt Volcanic Group, is shown for comparison with the Hunza Formation.
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which ocean island basalts are generated (Hart 1984; Saunders
et al. 1988). Although acknowledging that some elements are
clearly recycled from subducted crust and sediments, Khan et al.
(1997) argued that the ‘Dupal’ signature of Indian Ocean mantle
overwhelms any sedimentary signature. However, Ben Othman et
al. (1989) have shown that oceanic sediments have high Pb
contents (25 ppm) compared with the mantle (0.05 ppm). Thus,
only a 10% contribution of lead from a sedimentary source into
arc magmas (2.5 ppm) far outweighs any contribution made from
a mantle source. There is now a consensus that high levels of Pb
in subduction-related rocks are a consequence of dehydration and
melting of sediments from the subducting slab (e.g. Aizawa et al.
1999). In addition, Mahoney et al. (1998) suggested that the
‘Dupal’ anomaly did not exist in the Neo-Tethyan asthenosphere,
Table 1. Geochemical and isotopic data
Kamila Gashu Confluence Volcanic Fm Hunza Valley Volcanic Fm
Amphibolite
SW3 N433 TL5 N434 TL6 N146 N157 N158 N163
SiO2 48.14 48.32 51.16 57.46 61.57 48.70 48.99 53.00 53.20
TiO2 1.36 1.51 1.07 0.75 0.14 0.42 0.23 0.21 0.26
Al2O3 16.09 17.09 16.33 13.79 16.52 11.60 10.89 9.40 12.00
Fe2O3 12.51 10.79 10.86 9.17 5.18 12.00 10.15 9.20 7.10
MnO 0.22 0.17 0.19 0.18 0.09 0.19 0.17 0.16 0.12
MgO 7.43 7.71 7.36 7.01 4.75 13.40 14.92 14.40 6.90
CaO 9.71 9.85 9.39 6.92 10.51 11.80 12.25 10.90 8.20
Na2O 2.58 3.38 2.79 4.31 0.86 1.60 1.37 1.90 1.30
K2O 0.09 0.41 0.44 1.34 b.d.l. 0.25 0.20 0.11 1.16
P2O5 0.13 0.24 0.28 0.13 0.02 0.03 0.04 0.03 0.03
Total 98.27 99.50 99.86 100.94 99.63 99.99 99.21 99.31 100.12
V 287.00 151.00 168.00 218.00 137.00 182.33 191.00 134.67 136.33
Cr 81.33 85.30 280.00 107.00 172.00 1175.67 1340.00 1148.00 417.67
Ni 40.87 78.40 83.00 56.30 50.80 289.67 283.33 64.67 105.33
Cu 9.51 25.90 111.00 82.10 65.20 182.00 16.47 52.63 30.50
Zn 122.33 48.50 70.70 72.10 42.30 105.77 61.43 38.70 25.63
Rb 6.11 6.11 6.27 30.80 b.d.l. 3.18 2.00 0.60 13.20
Sr 366.67 321.00 311.00 86.70 66.40 18.10 116.60 50.50 202.67
Y 25.87 23.70 20.00 18.60 5.95 6.72 10.93 4.79 7.52
Zr 45.13 118.00 48.00 41.10 30.60 33.67 12.40 13.27 14.63
Nb 2.68 3.61 1.84 1.29 0.93 1.05 0.46 0.30 0.33
Ba 49.07 39.70 106.00 291.00 21.50 4.65 7.91 10.87 46.10
Hf 1.87 2.58 1.62 1.51 1.11 0.95 0.35 0.51 0.52
Ta 0.13 0.28 0.18 b.d.l. b.d.l. 0.13 0.11 b.d.l. b.d.l.
Pb 1.21 1.33 1.15 0.69 1.63 4.00 4.00 5.00 2.00
Th b.d.l. 0.41 0.95 0.38 2.19 b.d.l. b.d.l. 0.30 0.13
U b.d.l. b.d.l. 0.39 b.d.l. 0.81 0.16 0.08 0.77 b.d.l.
La 4.14 6.70 7.01 1.67 5.10 1.03 0.76 0.57 0.70
Ce 14.20 18.30 17.10 6.25 10.30 1.57 1.11 1.00 0.52
Pr 2.65 2.79 2.49 1.15 1.11 0.27 0.23 0.22 0.23
Nd 13.13 14.20 10.60 6.82 3.98 1.72 1.49 1.38 1.71
Sm 4.04 3.69 3.64 2.36 1.38 0.36 0.37 b.d.l. 0.73
Eu 1.29 1.47 1.22 0.84 0.12 0.20 0.26 0.27 0.29
Gd 4.62 4.37 2.85 3.12 1.28 0.68 0.65 0.61 1.03
Tb 0.82 0.73 0.61 0.54 0.20 0.19 0.23 0.19 0.21
Dy 5.49 4.93 3.85 4.01 1.09 1.32 1.67 0.93 1.42
Ho 1.04 0.92 0.82 0.84 0.18 0.36 0.32 0.22 0.32
Er 3.01 2.90 2.15 2.42 0.81 0.97 1.06 0.66 1.07
Tm 0.36 0.44 0.33 0.36 0.12 0.20 0.17 0.15 0.18
Yb 2.79 2.76 2.05 2.32 1.16 1.49 1.09 0.76 1.28
Lu 0.41 0.37 0.24 0.37 0.13 0.22 0.17 0.16 0.21
87Sr/86Sr 0.70446 0.70323 0.70407 0.70791 0.70788 0.70525 0.70514 0.70554 0.70559
143Nd/144Nd 0.51274 0.51294 0.51286 0.51297 0.51230 0.51296 0.51301 0.51303 0.51303
ENd0 2.03 5.83 4.33 6.36 6.73 6.24 7.29 7.59 7.53
ENd120y 2.19 6.44 4.17 6.17 6.93 7.32 8.01 6.51 6.59
206Pb/204Pb 18.469 18.192 18.454 18.332 18.504 18.277 18.318 18.147 18.091
207Pb/204Pb 15.611 15.532 15.619 15.582 15.64 15.549 15.565 15.532 15.521
208Pb/204Pb 38.628 38.182 38.626 38.395 38.651 38.236 38.169 38.108 38.048
˜207Pb{ 9.40 6.9 12.8 11.8 14.3 7.70 8.80 7.40 6.90
˜208Pb{ 70.00 56.1 68.8 67.2 65.3 51.20 39.60 54.10 54.90
Sr and Pb were run as the metal species on single Ta and single Re filaments, respectively, using a Finnegan MAT 262 multicollector mass spectrometer. Nd was run as the
metal species on triple Ta–Re–Ta filament assemblies using a VG354 multicollector mass spectrometer. Blanks for Sr, Nd and Pb were less than 340 pg, 233 pg and 100 pg,
respectively. Reference standards throughout the course of analysis averaged values of 87Sr=86Sr ¼ 0:703463 and 143Nd=144Nd ¼ 0:51186 for the BHVO-1 standard. Sample
data are reported relative to accepted values of NBS 987 of 0.71024 and 0.51186 for La Jolla. Pb data are reported relative to accepted values for NBS 981:
206Pb=204Pb ¼ 16:9322, 207Pb=204Pb ¼ 15:4855, 208Pb=204Pb ¼ 36:6856. b.d.l., below detection limit.Analyses from Petterson & Windley (1991).
yENd120 calculated using t ¼ 120Ma.
{Deviations from the Northern Hemisphere Reference Line (Hart 1984).
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and that it is little older than the Indian Ocean itself. If this is so,
the isotopic signature of the Kohistan arc could not reflect
melting of enriched mantle as implied by the ‘Dupal’ hypothesis.
Khan et al. (1997) interpreted their isotope data as suggesting
that mafic rocks of the Kohistan arc carried a ‘Dupal’ signature.
Because the Dupal anomaly is found only in rocks extracted
from the mantle in equatorial regions (Hart 1984), this interpreta-
tion demanded that the juvenile arc was initiated within the
region of the Dupal anomaly, or further south than hitherto
suggested, probably on the leading edge of the Indian Plate rather
than offshore of the Asian Plate. The enhanced dataset presented
here provides an alternative interpretation of the isotopic data.
Rather than the data suggesting a ‘Dupal’ signature, the trends on
Fig. 4. 143Nd/144Nd v. 87Sr/86Sr diagram for selected igneous rocks of the Kohistan island arc.
Fig. 5. 208Pb/204Pb v. 206Pb/204Pb diagram for selected igneous rocks of
the Kohistan island arc.
Fig. 6. 207Pb/204Pb v. 206Pb/204Pb diagram for selected igneous rocks of
the Kohistan island arc.
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the isotope plots, especially Figures 4 and 5, suggest that the
isotopic signature of the mafic volcanic rocks of the juvenile arc
is a function of fluids derived from subducted and dehydrated
sea-floor sediments. This conclusion does not exclude the
possibility that subduction occurred at equatorial latitudes as
determined by Yoshida et al. (1996) from palaeomagnetic data,
and by van der Voo et al. (1999) from tomographic imaging.
Subduction at these latitudes implies the existence of a wide sea
to the north of Kohistan.
Conversely, Robertson & Collins (2002) suggested that sedi-
ments associated with the lateral equivalents of the Chalt
Volcanic Group in the Ladakhi part of the arc to the east are the
preserved remnants of a rifted oceanic back-arc basin. As these
sediments contain components of rocks derived from the Asian
continental margin (Robertson & Collins 2002), it is likely that
the arc was close to the Asian margin during back-arc spreading.
Polarity of subduction
Largely on the basis of their interpretation of the isotopic data
from the Kohistan arc being a function of the ‘Dupal’ anomaly,
Khan et al. (1997) suggested that the juvenile arc was developed
above a south-dipping subduction zone. Our contention that the
isotopic signature of the arc rocks is a function of contamination
of a MORB-type sequence of mafic lavas by ocean-floor sedi-
ments does not, in itself, exclude the possibility that the arc was
built above a south-dipping subduction zone. Here we briefly
assess the evidence that it was not.
A further line of evidence cited by Khan et al. (1997) in
support of their hypothesis that the arc was developed above a
south-dipping subduction zone was the presence of high-Mg
andesites or boninites within the Hunza Formation in the north-
ern part of the arc. These high-Mg rocks constitute only a minor
part of a compositionally variable suite of basalts and andesites,
some of which have high-Mg characteristics and some, low-Mg
characteristics. Although some of the high-Mg rocks have some
boninitic characteristics, their major and trace element chemistry
is not wholly consistent with this rock type. Boninites are
generally considered to occur exclusively in fore-arc regions (e.g.
Crawford et al. 1989; Bloomer et al. 1995). Other than that the
generation of high-Mg basalts and boninites requires a source of
high heat flow, which may be found during the initiation of
subduction (Crawford et al. 1989), there is no obvious petrologi-
cal reason why this should be so. Boninitic andesites have been
described from back-arc basins such as the Lau Basin (Falloon et
al. 1992) and New Caledonia (Meffre et al. 1996). The supposi-
tion that such rock types may be limited to fore-arc regions may
be the result of more extensive sampling in fore-arc regions, or
because back-arc regions carry a high sedimentary load, which
hides the volcanic basement from sampling.
Rolland et al. (2000) have described basalts, laterally equiva-
lent to the Hunza Formation of the Chalt Volcanic Group, from
the northern margin of the Ladakh arc to the immediate east of
the Nanga Parbat syntaxis. On the basis of geochemical data,
they divided these basalts into Northern and Southern Groups.
The Northern Group has MORB-like affinities with signatures
similar to those of the low-Mg rocks of the Hunza Formation
and distinct from other mafic rocks of the Ladakh arc. They
interpreted these rocks, which have a less pronounced LILE
depletion than the Hunza Formation rocks, as having a back-arc
signature. This is supported by the identification of the sediments
in the eastern extreme of the Shyok Suture Zone as remnants of
a rifted oceanic back-arc basin (Robertson & Collins 2002).
Rolland et al. (2000) also noted an eastward increasing con-
tinental chemical signature in the basalts, and that the proportion
of sediments to volcanic material increases eastward. They
interpreted these data as showing that the juvenile arc, although
intra-oceanic for much of its length, was pinned to the Asian
continental margin at its eastern end. Such a geometry is
consistent only with north-dipping subduction beneath the arc.
Conclusions
The data presented here suggest the isotopic signature of the
Kohistan arc to be a function of fluids derived from subduction
and dehydration of sea-floor sediments, which provide Pb levels
similar to those that may be derived from a ‘Dupal’-type
enriched mantle source. This weakens the case that the juvenile
arc must have been initiated above a south-dipping subduction
zone, although the geographical case that it was initiated at
equatorial latitudes remains unresolved. However, geochemical
data from the Ladakhi segment of the Kohistan–Ladakh island
arc suggest that the lateral equivalents of the Hunza Formation
were extruded into a back-arc setting (Rolland et al. 2002), and
sedimentological data (Robertson & Collins 2002) support the
contention that the Hunza Formation evolved within a back-arc
basin setting. Together, these data imply that subduction beneath
Kohistan was to the north and located close to the southern
margin of continental Asia. Data from Rolland et al. (2002) and
Robertson & Collins (2002) suggest that extension and rifting
occurred in the back-arc shortly before collision of Kohistan with
Asia. The back-arc volcanism that occurred as a result of this
rifting included the eruption of high-Mg basalts and andesites
including boninitic units, the heat source for which would have
been supplied from either adiabatic melting at a new spreading
centre or the northward subduction of an active spreading centre.
These data suggest that at least volumetrically minor amounts of
primitive boninitic magma can be extruded into back-arc set-
tings.
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